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1. Study design and samples 
 The Annapurna Conservation Area of Upper Mustang, Nepal (ACA) is located in northern central 
Nepal and covers an area of approximately 7,630 km2. It includes 14 mountains in excess of 6000 m, the 
tallest of which is Annapurna I (8091 m), the 10th highest mountain in the world. It has a single major 
drainage, the Kali Gandaki River, which has its origins on the Tibetan plateau (1). The Kali Gandaki valley 
lies within a rain shadow, which has created an arid landscape that has promoted the long-term 
conservation of archaeological and human remains. Annual precipitation and temperature vary within the 
ACA according to elevation. In Jomsom, Nepal, a town located at 2,729 masl in the ACA, annual 
precipitation is 307 mm and average annual temperature is 10.9˚C (www.climate-data.org). With each 
1,000 m rise in elevation, average annual temperature drops by 6˚C, and annual precipitation in the trans-
Himalayan region of the Upper Mustang is less than 200 mm (1).  
 Prior archaeological research in the region identified three distinct periods of occupation: 
Chokhopani (3150-2400 BP) (2, 3), Mebrak (2400-1850 BP) (3, 4), and Samdzong (1750-1250 BP) (5, 6), 
each defined by a type site of the same name. At each site, the dead were housed in cliff-face, rock-cut, 
community mortuary shaft tombs in which adults, children, and both sexes are found. The three 
archaeological phases are defined primarily by tomb architecture and contents (5).  
 The Chokhopani tombs contain collective burials, and artifacts include personal adornments such 
as carnelian, shell, and faience beads, musk deer teeth (possibly part of a necklace), schist bodkins, 
bronze bangles, mortuary ceramics, utilitarian wooden and stone objects, and copper jewelry and sheets 
(5, 7). The latter copper artifacts bear resemblance to poorly dated finds from the Copper Hoards of the 
upper Ganges river basin of the Indian subcontinent (5). The Chokhopani tomb chronology has been 
determined by radiocarbon dating (7).  
 The Mebrak tombs contain collective burials, with individuals laid out in a flexed position on their 
sides on wooden platforms. For the first time, mummified heads of sheep and goats are included with the 
burials. Other tomb contents include a complete but disarticulated horse skeleton, glass and carnelian 
beads, bamboo mats, bronze jewelry, a wooden bow, and wooden bowls and baskets (4). The burial 
goods additionally contain a wide variety of textiles (cotton, linen, wool, and other plant fibers) made using 
different weaving styles (including velveteen) and dyed in a variety of colors using alizarin, purpurin, 
indigo, lac-dye, ellagic aacid, and flavonol (4). The dead were laid out on intricately carved wooden 
platforms, some of which were painted with images of blue sheep (Pseudois nayaur), red deer (Cervus 
elaphus), and non-local markhor (Capra falconeri). A total of 28 samples from the Mebrak tombs have 
been radiocarbon dated and calibrated using dendrochronological data (4).  
 The Samdzong tombs contain both collective and individual burials, and for the first time the bodies 
show extensive evidence of cut marks from defleshing (and in some cases dismemberment) prior to being 
laid out on wooden platforms (5, 6). The tombs contain an even greater number animal remains than in 
the Mebrak period, including sheep, goats, horses, and bovids. Other artifacts include wooden and 
bamboo artifacts, metal artifacts (vessels, knives, daggers, plates, arrowheads, and horse tack), three 
mortuary masks made of gold and silver, glass beads, ceramics, some textiles, including locally made 
materials and Chinese silks, and a wooden coffin painted with an image of figure riding a horse (5, 8). The 
Samdzong chronology has been established based on a total of nine radiocarbon-dated samples 
collected from the tombs.  
 Initially, fifteen dental samples from twelve individuals of both sexes were selected for DNA 
screening and analysis (Table S5). These samples were obtained during field excavations from 1990-
2012 by the authors and others (4, 7). 
 
2. Ancient DNA extraction  
DNA extraction was performed in a dedicated ancient DNA facility at the University of Oklahoma 
Laboratories of Molecular Anthropology and Microbiome Research (LMAMR) in accordance with 
established contamination control precautions and workflows, as previously described (9). A non-template 
extraction control (negative control) was processed alongside experimental samples during all analytical 
steps. Prior to DNA extraction, all dental calculus was removed and the tooth surface was wiped clean 
with a 2% NaOCl solution, followed by molecular biology grade water. Areas of visible chemical or 
microbial damage were removed by mechanical abrasion using a Dremel rotary tool with a diamond bit. 
One tooth root was removed from each tooth, UV irradiated for 60 s on each side (CL-1000 UVP 
Crosslinker, 1.0 J/cm2), and then crushed to a coarse powder. The tooth powder was agitated in a 0.5M 
EDTA solution for 15 minutes to remove remaining loosely bound contaminants and microbial DNA, and 
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then decanted. The tooth powder was then resuspended in 1 mL of 0.5 M EDTA solution and incubated 
overnight at room temperature. 100 µl proteinase K (>600 mAU/ml; Qiagen) was then added and 
incubated at 37˚C for 8 hours, followed by continued digestion under agitation at room temperature until 
decalcification was complete. The digestion buffer solution was refreshed after 48 hours and the two 
supernatants were combined for subsequent analyses. Following digestion, the samples were divided into 
two groups and two alternative ancient DNA extraction techniques were compared: 1) phenol-chloroform 
separation followed by purification and concentration using a MinElute PCR Purification kit (Qiagen) (9), 
and 2) salting out followed by purification and concentration using a QIAamp DNA Mini Kit (10). Purified 
DNA was quantified using a Qubit High Sensitivity dsDNA assay (Life Technologies) (Table S5).  
 
3. DNA library construction and sequencing 
For samples C1, M240, M344, S35, S40, and S41 extracted by technique 1, 28 µl of sample 
extract was constructed into double-stranded, single-indexed Illumina libraries using a blunt-end protocol 
at the LMAMR using previously described methods (9) (Table S5). Library construction was completed by 
PCR amplification using Platinum Taq HiFi polymerase (Life Technologies) and indexed primers. Each 50 
µl reaction contained the following: 0.2 µl Platinum Taq HiFi Polymerase (5 U/µl), 5 µl 10X HiFi PCR 
Buffer, 1.5 µl 50mM MgCl2, 1 µl 2.5mg/ml BSA, 3 µl 2mM dNTPs, 1.5 µl 10 µM IS4 primer, and 1.5 µl of 
10 µM indexed P7 primer, 24 µl of template, and 12.3 µl water. PCR amplification was performed in a 
post-PCR laboratory under the following conditions: initial denaturation at 95°C for 2 min, followed by 17 
cycles of denaturation at 95°C for 15 s, annealing at 60°C for 30 s, and elongation at 72°C for 30 s, 
followed by a final elongation step at 72°C for 7 min. Resulting libraries were purified using a MinElute 
PCR Purification kit (Qiagen) and quantified using a Bioanalyzer 2100 High Sensitivity DNA assay 
(Agilent). In the first phase of the study, each library was pooled at equimolar concentration and 
sequenced at the University of Chicago Genomics Core using an Illumina HiSeq 2500 in Rapid Run mode 
with v2 paired-end 100 bp chemistry. In the second phase of the study, C1, S35 and S41 samples were 
sequenced at the same facility using an Illumina HiSeq 4000 with paired-end 100 bp chemistry. 
For samples M63 and S10 extracted by technique 1 and samples C4, M344, M458, M294, S10, 
S39, and S41 extracted by technique 2, 20 µl of sample extract was constructed into double-stranded, 
single-indexed Illumina libraries using a blunt-end protocol at the Uppsala Ancient DNA Laboratory using 
previously described methods (11) (Table S5). Library construction was completed by PCR amplification 
using AmpliTaq Gold polymerase (Life Technologies) and indexed primers. Each library was amplified in 
quadruplicate 25 µl reactions containing the following: 0.1 U/µl AmpliTaq Gold, 1X AmpliTaq Gold Buffer, 
2.5 mM MgCl2, 250 µM of each dNTP, 0.2 µM of IS4 primer, 0.2 µM of indexed P7 primer, 3 µl of 
template, and water. PCR amplification was performed in a post-PCR laboratory under the following 
conditions: initial denaturation at 94°C for 12 min, followed by 12-18 cycles of denaturation at 94°C for 30 
s, annealing at 60°C for 30 s, and elongation at 72°C for 45 s, followed by a final elongation step at 72°C 
for 10 min. The replicate PCR reactions were pooled and purified using AMPure XP beads (Agencourt) 
and quantified using High Sensitivity DNA1000 screen tapes and reagents on a 2200 TapeStation 
(Agilent Technologies). In the first phase of the study, each library was pooled at equimolar concentration 
with eight or nine other libraries and sequenced at the SciLife Sequencing Centre in Uppsala using an 
Illumina HiSeq 2500 with v2 paired-end 125 bp chemistry. In the second phase of the study, M63 and S10 
samples were sequenced at the same facility using an Illumina HiSeq X-Ten with paired-end 150 bp 
chemistry. 
Base calling and base quality scoring for all libraries were performed using default Illumina 
software RTA v1.17.21.3 and CASAVA v1.8.2. Demultiplexing was performed using bcl2fastq conversion 
software v1.8.3, with no mismatch in sample indexes allowed. Metagenomic DNA sequences have been 
deposited in the NCBI Short Read Archive (SRA) under the project accession SRP065070, andand 
sample accessions SRR2751055-SRR2751058, SRR2751060- SRR2751063, SRR2751066- 
SRR2751067, SRR2751070, SRR2751142, SRR2751148, SRR2751152, SRR3222643, SRR3222649, 
SRR3222655, SRR3222659, SRR3222661, SRR3222664, SRR3222686, SRR3222749, SRR3222758, 
SRR3222765, and SRR3222772. 
 
4. Sequencing data filtering and quality control 
We first removed adapter sequences flanking inserted molecules and merged each pair of reads 
into a single sequence using a publicly available python script (12) 
(https://bioinf.eva.mpg.de/fastqProcessing/MergeReadsFastQ_cc.py). Only those paired reads with ≥ 11 
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overlapping bp were retained for alignment. Merged reads were mapped to the human reference genome 
hg19 (GRCh37, GenBank accession GCA_000001405.1) using BWA-backtrack 0.7.9a (13). Seeding was 
disabled (-l 9999) and more mismatches were allowed with two non-default arguments: a larger maximum 
edit distance (-n 0.01) and maximum gap openings (-o 2). These arguments were used to consider 
damage patterns of ancient DNA samples, as previously suggested (14). We kept uniquely mapped reads 
with length ≥ 35 bp and removed PCR duplicates, keeping one with the highest mapping quality score, 
using in-house scripts. The resulting data set is referred to as analysis-ready reads in the text. Step-by-
step filtering and quality statistics are provided in Table S1. Genomic sequence coverage information is 
provided in Table S7. 
 
5. Comparison of DNA extraction methods 
Before proceeding further, we compared the performance of the two DNA extraction methods. 
The phenol-chloroform/MinElute method significantly outperformed the salting out/QIAamp method in 
both total DNA yield (27.5x; two-tailed t test, p ≤ 0.01) and human DNA content (13.1x; two-tailed t test, p 
≤ 0.01) (Table S5; Fig. S9). This is likely due to the fact that salting out involves a precipitation step that is 
known to disfavor the recovery of short DNA fragments (15), such as those typical of ancient DNA. 
Because salting out/QIAamp samples did not yield sufficient human DNA for ancestry analysis, all 
subsequent genetic analyses were restricted to the eight samples (C1, M240, M344, M63, S10, S35, S40, 
S41) extracted using the phenol-chloroform/MinElute method (Table 1). 
 
6. Genetic sex typing 
 Genetic sex was estimated by comparing the ratio of DNA sequences aligning to the X and Y 
chromosomes using previously described methods for shotgun sequence data (16). All eight individuals 
were confidently assigned to sex, and seven out of eight individuals were male (Fig. S1). Genetic sex 
assignment for two individuals (M63 and S10) was then independently confirmed using a TaqMan duplex 
qPCR assay targeting a 106/112 bp region of the amelogenin gene following previously described 
methods (17). The assay was performed in triplicate and yielded genetic sex assignments consistent with 
the shotgun data analysis approach.   
 
7. Assessment of DNA contamination 
We estimated the level of contamination from exogenous human sources in our sequence data 
based on a method implemented in the contamMix (18) program (Table S1). In brief, this program uses 
the majority-based mtDNA consensus sequence as a representative of the endogenous sequence, 
assuming that sequence coverage is high enough to accurately call a consensus sequence given 
presence of some contaminant reads and sequencing errors. Then, it models observed sequence reads 
as a sample from a mixture of mitogenomes, including the endogenous one and potential contaminants, 
as represented by 311 contemporary human mitogenomes. The probability of reads drawn from the 
endogenous mitogenome, and its 95% confidence interval, is estimated through a Markov chain Monte 
Carlo algorithm. 
 
8. Assessment of DNA damage  
Endogenous DNA molecules from ancient samples typically show specific patterns of chemical 
damage, which have been used for supporting authenticity of aDNA sequence data in previous studies 
(19). We assessed size distribution (Fig. S2) and damage patterns (Fig. S3, Fig. S4) of inserted 
molecules using uniquely mapped, non-duplicate reads of each of eight samples, using mapDamage 
program (20, 21). 
 
9. Data filtering and compilation for population genetic analysis 
For population genetic analysis, two different sets of data were compiled, one for the first phase 
of data analysis and the other for the second phase. In both cases, we first retrieved genetic information 
of ACA aDNA samples from sequence reads. We collected high-quality base calls (base quality score ≥ 
30) from reads with mapping quality score ≥ 30 for each genomic position, after masking 5 bp at both 
ends of reads to reduce effect of cytosine deamination. For the first phase of the study, which focused on 
low coverage (< 1x) data from eight individuals, we randomly picked up one read for each position and 
used them as haploid genotypes. For the second phase of the study, which focused on samples with 1.0-
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7.3x coverage, we sampled one read per position for genotype-based analyses or calculated genotype 
likelihoods using the UnifiedGenotyper module of the Genome Analysis Toolkit (GATK) v2.7-4 (22). 
 A worldwide population panel for the first phase of data analysis was compiled in the following 
way. First, the majority of data was from the 1000 genomes (1KG) project phase 3 haplotype set 
(https://mathgen.stats.ox.ac.uk/impute/1000GP_Phase3.tgz), consisting of 2,504 unrelated individuals 
from 26 populations (http://www.1000genomes.org/about#ProjectSamples): Chinese Dai in 
Xishuangbanna, China, CDX; Han Chinese in Beijing, China, CHB; Japanese in Tokyo, Japan, JPT; Kinh 
in Ho Chi Mihn City, Vietnam, KHV; Southern Han Chinese, China, CHS; Bengali in Bengladesh, BEB; 
Gujarati Indian in Houston, TX, GIH; Indian Telugu in the UK, ITU; Punjabi in Lahore, Pakistan, PJL; Sri 
Lankan Tamil in the UK, STU; African Ancestry in Southwest US, ASW; African Caribbean in Barbados, 
ACB; Esan in Nigeria, ESN; Gambian in Western Division, the Gambia, GWD; Luhya in Webuye, Kenya, 
LWK; Mende in Sierra Leone, MSL; Yoruba in Ibadan, Nigeria, YRI; British in England and Scotland, 
GBR; Finnish in Finland, FIN; Iberian populations in Spain, IBS; Toscani in Italia, TSI; Utah residents with 
Northern and Western European Ancestry, CEU; Colombian in Medellin, Columbia, CLM; Mexican 
Ancestry in Los Angeles, California, MXL; Peruvian in Lima, Peru, PEL; and Puerto Rican in Puerto Rico, 
PUR. Second, we called genotypes of 13 modern humans (1-2 individuals from Yoruba, Sardinian, 
Karitiana, Han, Dai, Sherpa, Papuan and Australian aborigine) from published high-coverage (≥ 30x 
coverage) short read data (14, 23, 24). In addition, to increase local geographic coverage of the dataset, 
high-coverage genomes of two additional Sherpa and two Nepali Tibetans were added 
(https://www.simonsfoundation.org/life-sciences/simons-genome-diversity-project-dataset/). Short reads 
of the above 17 genomes were processed following the “best practice workflows” from GATK v2.8-1 (22, 
25, 26). Specifically, reads were aligned to the human reference (GRCh37) using BWA-backtrack with “-q 
15” option, duplicate reads were removed with Picard tool v1.98 (http://broadinstitute.github.io/picard/), 
locally realigned around indels and base quality score recalibrated using GATK. Only the properly paired 
non-duplicate reads with phred-scaled mapping quality score ≥ 30 were kept for genotype calling. For 
each sample, we called genotypes across all sites using the GATK UnifiedGenotyper module, based on 
bases with phred-scaled quality score ≥ 30, and kept sites with phred-scaled quality score ≥ 50. Finally, 
genotypes from the chimpanzee genome assembly Pan_troglodytes-2.1.4 (panTro4), Altai Neandertal 
(24) and Denisovan (14) were compiled to assess ancestral alleles and archaic hominin ancestry. For the 
archaic hominin genomes, we downloaded genotype calls in VCF format. For chimpanzee reference 
sequence, we first converted human reference genome coordinates to chimpanzee ones using LiftOver 
tool (http://hgdownload.cse.ucsc.edu/admin/exe/linux.x86_64/liftOver) and retrieved corresponding 
chimpanzee reference sequences 
(http://hgdownload.cse.ucsc.edu/goldenPath/hg19/liftOver/hg19ToPanTro4.over.chain.gz). 
After compiling the above data sets, we filtered out variants within human repeat regions or CpG 
islands (27). We removed variable sites with multiple alternative alleles, sites with strand ambiguity (A/T 
or G/C SNPs), sites prone to cytosine deamination (C>T or G>A SNPs) or sites not present in the 1KG 
data set to minimize impact of high error rate of genotype call from low-coverage data. Sites were also 
excluded if they have missing data among 17 modern humans or non-human samples (chimpanzee 
reference, Altai Neandertal and Denisovan). This process led to variable number of SNPs for each aDNA 
sample, ranging from 0.47 to 6.36 million SNPs (Table S1). 
A population panel for the second phase analysis focused on fine-scale comparisons of 
population relationships among East Asians. For this purpose, we intersected array-based genotyping 
data from three studies: 938 individuals from 52 world-wide populations in the Human Genome Diversity 
Panel (HGDP) (28), 30 Tibetans from near Lhasa, Tibet Autonomous Region in China (29), and 21 “high-
altitude proxy” Sherpa samples from Khumbu, Nepal (23). We also added genotypes of two contemporary 
Nepali Tibetan individuals used in the first phase. Autosomal SNPs with strand ambiguity (A/T or G/C) 
were excluded, as were any SNPs in which data were missing for more than one individual in any 
population. After further removing SNPs with no sequence information for any of five ACA samples, a 
total of 364,842 SNPs were retained for the downstream analysis. 
 
10. Whole genome ancestry affiliation analysis 
Principal component analysis (PCA) was performed using the smartpca program in the 
EIGENSOFT 6.0 package (30). For the first phase of data analysis, PCs were calculated using all modern 
human samples including the ACA samples (Fig. S5). We kept SNPs with minor allele frequency (maf) ≥ 
0.001, ranging 0.15-2.03 million SNPs. After performing PCA for each ACA sample separately, we 
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merged results by applying a Procrustes transformation to PC1 and PC2, using “procGPA” function in an 
R package “shapes” (31). For the second phase of data analysis, PCs were calculated using the following 
contemporary East Asian populations: Cambodian, Dai, Daur, Han, Hezhen, Japanese, Lahu, Miao, 
Mongola, Naxi, Oroqen, She, Tu, Tujia, Xibo, Yakut, Yi from the HGDP, and Tibetan and the Sherpa. 
After calculating PCs using 357K SNPs with maf ≥ 0.01, ancient ACA samples were projected onto PC 
plane using “lsqproject: YES” option (Fig. 2).  
 We next conducted a model-based genetic clustering analysis as implemented in the sNMF (32) 
and NGSadmix (33) programs (Fig. 3; Fig. S6; Fig. S7). For the first phase of data analysis, we chose the 
sNMF program for properly modeling the haploid nature of our data set of eight ACA individuals. Thirty 
individuals for each of four 1KG populations, YRI (Yoruba in Ibadan, Nigeria), TSI (Toscani in Italy), CDX 
(Chinese Dai in Xishuangbanna, China) and STU (Sri Lankan Tamil from the UK), and all 17 high-
coverage sequenced contemporary humans from the high-coverage data (1 Yoruba, 1 Sardinian, 1 
Karitiana, 2 Papuan, 2 Australian aborigine, 2 Han, 2 Dai, 4 Sherpa and 2 Tibetans) were chosen for a 
population panel. We randomly chose one of two alleles for genotypes of all contemporary samples to 
match haploid nature of the ACA aDNA samples. After this step, SNPs with at least three copies of minor 
allele were retained. SNPs were pruned based on linkage disequilibrium (LD) using PLINK v1.0.7 (34), by 
randomly removing a SNP in each pair with r2 > 0.2, and further thinned, leaving 40K to 100K SNPs for 
the analysis, depending on the ACA sample. We ran 50 replicates with random seeds for the number of 
clusters (K) ranging from 2 to 6 and chose one run with the smallest cross entropy value for each K value. 
For the second phase of data analysis, we analyzed all five samples of our more deeply sequenced 
samples together using genotype likelihoods as implemented in the NGSadmix program. HGDP Yoruba, 
Sardinian, Pathan, Papuan, Pima, Karitiana, Cambodian, Dai, Daur, Han, Hezhen, Japanese, Lahu, Miao, 
Mongola, Naxi, Oroqen, She, Tu, Tujia, Xibo, Yakut, Yi and Tibetans and the Sherpa were included in the 
analysis, together with the five ACA samples. For each of the K values from 2 to 9, a replicate with the 
highest likelihood was chosen from 50 replicates with random seeds. 
 We estimated genetic affinity of the ACA samples with contemporary human populations 
in our data set using outgroup-f3 statistic (35) using either 1KG YRI or HGDP Yoruba as an outgroup, 
using the same SNP set we used for PCA (Fig. 4; Fig. S8; Fig. S9). A large value of outgroup-f3 statistic 
suggests a higher genetic affinity between two groups. We used qp3Pop program in the ADMIXtools v2 
package (36) to calculate f3 statistics and associated standard errors. Outgroup-f3 statistics were also 
used to compare the genetic relationships between contemporary East Asian populations (Fig. S12). 
The D statistic was used as a statistical comparison of the affinity of the ACA samples to Tibetans 
and the Sherpa, as well as to other Tibeto-Burman populations (i.e., HGDP Yi, Naxi, and Tujia). 
Specifically, D (Yoruba, ACA; Tibeto-Burman, Tibetan/Sherpa) was calculated using qpDstat program in 
the ADMIXtools v2 package (Fig. 4; Fig. S10). The D statistic was also used to compare the genetic 
relationships of contemporary East Asian populations (Fig. S12). 
 
11. High altitude adaptation allele analysis 
We tested if ACA aDNA samples share adaptive haplotypes in the EGLN1 (egl-9 family hypoxia-
inducible factor 1) and EPAS1 (endothelial PAS domain protein 1) genes (Table S2), which are common 
in contemporary Tibetans with strong signatures of recent positive selection (37-39). Specifically, we 
determined if the ACA aDNA samples have derived alleles in two nonsynonymous SNPs (rs12097901 
and rs186996510) in the EGLN1 gene (40, 41) or in 20 SNPs tagging the EPAS1 haplotype in Tibetans 
(42). 
 
12. Mitochondrial haplogroup analysis 
Consensus mtDNA sequences were called from sequence reads for all eight samples (21-1311x 
coverage; Table S1) using SAMtools (13). Then, we queried haplogroup information of the consensus 
mtDNA sequences (Table S3) using HaploGrep (43), a web-based tool based on PhyloTree build 16, a 
database of > 20,000 human mtDNA sequences (44). 
 
13. Y chromosome haplogroup analysis 
 Reads mapped to 519 informative bi-allelic Y-chromosome SNPs were piled up using the GATK 
v2.7-4 UnifiedGenotyper module. Y haplogroup (Table S4) was manually assigned based on the 





Supplementary Table S1. Sequencing output and summary of data filtering and quality statistics for ACA samples	
 C1 M63 M240 M344 S10 S35 S40 S41 
Total readsa 1,918,868,106 1,384,178,962 28,064,830 33,228,833 456,744,916 244,594,518 167,200,988 138,904,789 
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Median fragment length (bp)a 66 (66) 71 (70) 61 (62) 53 (55) 90 (87) 69 (67) 57 (59) 86 (83) 
Endogenousd 100.0% 99.2% 99.8% 94.4% 100.0% 98.4% 99.4% 99.4% 
Nuclear DNA coveragee 7.253x 1.048x 0.045x 0.044x 3.264x 3.493x 0.090x 2.072x 
mtDNA coveragee 1077.4x 313.1x 72.5x 20.8x 249.5x 784.8x 27.8x 1311.0x 
First Phase SNPsf 2,442,236 759,039 468,381 521,344 1,982,791 6,358,061 1,126,324 5,259,226 
Second Phase SNPsg 362,780 222,340 - - 346,210 348,165 - 311,680 
Notes: 
aCalculated from total first phase and second phase reads >25 bp mapping to hg19 after duplicate removal. Median fragment length of analysis-
ready reads is given in parentheses. 
bAdapter trimming, chimera removal, and read merging performed using MergeReadsFastQ_cc.py. 
cUniquely mapped to hg19, >35 bp, no PCR duplicate.. 
dEstimated proportion of endogenous human reads (Bayesian estimate, (18)). 
eMean coverage. 
fTotal SNPs in the first phase analysis-ready genetic data set. 





 Supplementary Table S2. Reads mapped to EGLN1 and EPAS1 SNPs 
SNP Position Ref Alt C1 M63 S10 S35 S41 
EGLN1 (chr1)         
rs12097901 231557255 C G 2G 1C 1G 3G  
rs186996510 231557623 G C 3C  3C 7C 4C 
EPAS1 (chr2)         
rs115321619 46567916 G A 1G  2G 4G, 2A 1A 
rs73926263 46568680 A G 3A 1A 3A 2A, 1G 1G 
rs73926264 46569017 A G 16A  3A 2A, 3G 2G 
rs73926265 46569770 G A 5G 2G 2G 2A 3A 
rs55981512 46570342 G A 3G  1G 2G, 5A 2A 
rs149306391 46571017 C G 4C 2C 1C 2C, 1G 1G 
. 46571435 G C 7G  5G 1G, 4C 2C 
rs188801636 46577251 T C 9T  5T 1C 1T 
. 46579689 A G 4A 2A 3A 3A, 3G 2G 
rs189807021 46583581 G A 1G  1G 2G, 1A 2A 
. 46584859 A G 1A 2A 1A 1A, 2G 1G 
rs150877473 46588019 C G 7C  1C 1C, 1G 1C, 2G 
rs142826801 46588331 G C 4G  2G 4G, 1C 1C 
rs74898705 46589032 C T 2C  3C 2C, 2T 2T 
rs141366568 46594122 A G 10A 2A 2A 2A, 1G 4G 
rs116062164 46597756 A C 7A 2A 1A 1A, 2C 2C 
rs141426873 46598025 C G 6C  2C 4G 1C, 4G 
rs116611511 46600030 A G 13A 1A 4A 1A, 1G 2G 
. 46600358 A G 10A 3A 7A 5A, 2G 2G 
rs58160876 46600661 A C 7A 5A 2A 1A, 1C 1C 
 Notes: 
Derived alleles are shown in bold type. Insufficient EGLN1 and EPAS1 sequence coverage was 
obtained for samples M240, M344, and S40; these samples have been omitted from the table.  
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Supplementary Table S3. Mitochondrial haplogroup assignments for ACA dental samples 












in Han Chinesed 
C1 D4j1b - 12 0.965 12.72% (D4) 0.00% (D4) 14.03% (D*) 
M63 M9a1a1c1b1a 5899.XC 1 0.976 16.30% (M9a1a) 0.04% (M9a) 2.14% (M9a) 
M240 M9a1a2 16362T 3 0.975 16.30% (M9a1a) 0.04% (M9a) 2.14% (M9a) 
M344 Z3a1a 249A 8 0.940 1.92% (Z) 0.00% (Z) 3.22% (Z) 
S10 M9a1a1c1b1a 5899.XC 3 0.959 16.30% (M9a1a) 0.04% (M9a) 2.14% (M9a) 
S35 M9a1a 16362T 8 0.966 16.30% (M9a1a) 0.04% (M9a) 2.14% (M9a) 
S40 F1c1a1a 249A 6 0.955 2.16% (F1c) 0.04% (F1c) 1.07% (F1c) 
S41 F1d 146T, 249A 10 0.865 6.81% (F1) 0.00% (F1) 0.00% (F1) 
aHaplogroup rank calculated using the HaploGrep algorithm, as previously described (43). 
bEstimated from 6,109 individuals from 41 Tibetan populations (46). 
cEstimated from 2,440 individuals from Indian (n=2295) and Pakistani (n=145) populations, excluding Tibeto-Burman speakers (47).  





Supplementary Table S4. Y chromosome haplogroup assignments for ACA samples 
Samplea Haplogroupb Haplogroup frequency in Tibetansc 
C1 O-M117 29.86% 
M63d nd nd 
S10 O-M117 29.86% 
S35 O-M117 29.86% 
S41 D 54.50% 
aY-chromosome haplotyping was only performed on data generated during the second phase of the study.  
bHaplogroup was assigned based on informative SNPs from a database associated with the cleantree program. 
cEstimated from 2,354 individuals from 41 Tibetan populations (46). 
dNot determined. Insufficient data for haplogroup assignment. 
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Supplementary Table S5. ACA DNA extraction and NGS library information 



















Chokhopani          
C1 M 101 LMAMR 1 0.385 LMAMR U. Chicago 31.0% 66 
C4 - 1940 LMAMR 2 0.033 Uppsala Uppsala 0.12% 84 
Mebrak          
M63 M 97 LMAMR 1 0.384 Uppsala Uppsala 18.9% 71 
M240 M 106 LMAMR 1 0.235 LMAMR U. Chicago 8.2% 61 
M294 - 1800 LMAMR 2 0.000 Uppsala Uppsala * * 
M344 M 112 LMAMR 1 0.226 LMAMR U. Chicago 6.7% 53 
M344 - 1610 LMAMR 2 0.029 Uppsala Uppsala 0.93% 65 
M458 - 1980 LMAMR 2 0.007 Uppsala Uppsala 0.10% 75 
Samdzong          
S10 M 117 LMAMR 1 0.224 Uppsala Uppsala 40.3% 90 
S10 - 1570 LMAMR 2 0.008 Uppsala Uppsala 4.71% 78 
S35 M 101 LMAMR 1 0.107 LMAMR U. Chicago 58.3% 69 
S39 - 1420 LMAMR 2 0.022 Uppsala Uppsala 2.31% 48 
S40 F 99 LMAMR 1 1.192 LMAMR U. Chicago 2.6% 57 
S41 M 104 LMAMR 1 0.434 LMAMR U. Chicago 54.0% 86 
S41 - 1530 LMAMR 2 0.002 Uppsala Uppsala 5.98% 77 
Notes: 
*Insufficient DNA for successful library construction. 
aGenetic sex: M = male; F = female; - = not analyzed. Only samples extracted using Extracted Method 1 were analyzed. 
bExtraction methods: 1 = phenol-chloroform/MinElute; 2 = salting out/QIAamp. Because of the dramatic differences in DNA extraction 
performance, only samples analyzed using Extraction Method 1 were further analyzed for ancestry information in this study.  
cDetermined by measurement of 1µl of DNA extract using a Qubit fluorometer high sensitivity DNA assay and normalized to ng of DNA 
recovered per mg of dentine.  




Supplementary Table S6. Outline of DNA sequencing scheme for data generated in this study 
Study Quantitya Platform Sampleb Location 
First Phase 2 
HiSeq 2500 
(rapid run mode) C1, M240, M344, S35, S40, S41 U. Chicago 
 1 HiSeq 2000 M63c Uppsala 
 1 HiSeq 2000 S10c Uppsala 
Second Phase 5 HiSeq 4000 C1 U. Chicago 
 1 HiSeq 4000 S35, S41 U. Chicago 
 1 HiSeq X-Ten S10 Uppsala 
 3 HiSeq X-Ten M63 Uppsala 
aNumber of lanes sequenced. 
bList of pooled samples sequenced in each experiment. 
cM63 and S10 were each pooled and sequenced with other samples not included in this study (list not 
shown). 
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Supplementary Table S7. Genomic sequence coverage information  
 Autosomal (2,881,033,286) X (155,270,560) Y (59,373,566) mtDNA (16,571) 
ACA ID Sites Total Avg. Sites Total Avg. Sites Total Avg. Sites Total Avg. 
C1 2,618,065,082 20,895,219,390 7.253 138,902,915 582,701,156 3.752 15,059,983 71,760,677 1.209 16,570 17,853,125 1077.4 
M63 1,692,329,770 3,019,603,191 1.048 57,984,210 80,125,936 0.516 6,293,395 10,620,215 0.179 16,570 5,188,142 313.1 
M240 125,330,641 129,470,638 0.045 3,358,010 3,418,825 0.022 383,924 419,325 0.007 16,551 1,202,384 72.560 
M344 122,583,409 126,989,101 0.044 3,158,277 3,212,457 0.021 367,816 418,666 0.007 16,195 345,060 20.823 
S10 2,518,355,450 9,404,687,422 3.264 117,260,089 259,091,314 1.669 12,884,603 32,067,300 0.540 16,569 4,134,151 249.5 
S35 2,496,870,820 10,065,483,731 3.493 115,335,284 261,753,041 1.686 12,265,592 33,313,350 0.561 16,571 13,005,585 784.8 
S40 246,021,289 260,648,390 0.090 12,954,861 13,677,628 0.088 92,788 151,166 0.003 16,190 460,958 27.817 
S41 2,253,399,978 5,969,434,907 2.072 90,940,543 154,670,556 0.996 9,730,272 20,430,817 0.344 16,571 21,724,347 1311.0 
Notes: 





Supplementary Figure S1 | Genetic sex assignment for the ACA individuals. Seven of the eight 
individuals, including one child (M63), are identified as male.  
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Supplementary Figure S2 | Histogram of aDNA fragment lengths (bp) in the eight ACA samples. 
Data includes all non-duplicate reads ≥ 25 bp and uniquely mapped to the human reference genome 





Supplementary Figure S3 | Proportion of C>T and G>A substitutions in human DNA across DNA 
fragments in the ACA samples. C>T substitutions increase at the 5’-end and G>A substitutions increase 




Supplementary Figure S4 | Base frequencies flanking human DNA reads from ACA samples. An 
excess of purines (A or G) at -1 position of 5’-end and a corresponding excess of pyrimidine (C or T) at +1 
position of 3’-end of human DNA in the ACA samples is consistent with depurination and hydrolysis 






Supplementary Figure S5 | PCA of global populations and ancient ACA samples using first phase 
sequencing data. All eight ACA samples cluster with East Asians. PC1 and PC2 were calculated using all 
contemporary samples and ACA samples. PCA was performed for each aDNA sample separately and the 






Supplementary Figure S6 | Unsupervised genetic clustering with six ancestral populations (K=6). 
Six ancestries were allocated, respectively, to Africans (YRI [Yoruba in Ibadan, Nigeria]; blue), Europeans 
(TSI [Toscani in Italy]; yellow), Australasians (Papuan and Australian aborigine; magenta), South Asians 
(STU [Sri Lankan Tamil in the UK]; orange), lowland East Asians (CDX [Chinese Dai in Xishuangbanna]; 
green), and high altitude East Asians (Sherpa and Tibetans; red). All eight ACA samples share most of 






Supplementary Figure S7 | Unsupervised genetic clustering with three ancestral populations (K=3). 
Three ancestries were allocated to Africans (YRI [Yoruba in Ibadan, Nigeria]; blue), Europeans (TSI 
[Toscani in Italy]; yellow) and East Asians (CDX [Chinese Dai in Xishuangbanna]; green). 17 high-
coverage genomes of Yoruba, Sardinians, Papuans, Australian aborigine, Karitiana, Han, Dai, Tibetans, 
and Sherpa are also included for comparison. All eight ACA samples share most of their genetic ancestry 






Supplementary Figure S8 | Genetic affinity (f3) of ACA samples and global populations using 
genome wide SNP data obtained from first phase sequencing. Genetic affinity with ancient samples is 
measured by f3 (Yoruba; ACA, X). Vertical bars represent ± 1 standard error (SE) from 5 cM block 
jackknifing. For all ACA samples either Sherpa or Tibetans were the closest modern population (a larger f3 





Supplementary Figure S9 | Genetic affinity (f3) of ACA samples and global populations using 
genome wide SNP data obtained from second phase sequencing. (a) Results for all populations and 
(b) East Asians in detail are provided. Genetic affinity with ancient samples is measured by f3 (HGDP 
Yoruba; ACA, X). Vertical bars represent ± 1 standard error (SE) from 5 cM block jackknifing. For all ACA 







Supplementary Figure S10 | Genetic affinity (D) of ACA samples to high altitude East Asian and 
lowland Tibeto-Burman speakers using genome wide SNP data obtained from second phase 
sequencing. Genetic affinity with ACA samples is measured by D(Yoruba, ACA; Tibeto-Burman, high 
altitude East Asian), where the Tibeto-Burman populations are Ni, Yaxi, and Tujia, and the high altitude 
East Asian populations are (a) Tibetans from near Lhasa (Tibetan.Lhasa), (b) Tibetans from Nepal 
(Tibetan.Nepali), and (c) Sherpa. Positive values indicate greater genetic affinity with high altitude East 
Asians; negative values indicate greater affinity with lowland Tibeto-Burman speakers. Horizontal bars 
represent ± 1 SE from 5 cM block jackknifing. Regardless of proxy population, the ACA individuals 







Supplementary Figure S11 | Comparison of ancient DNA extraction methods with respect to total 
DNA yield and human DNA content. On average, DNA extraction using the phenol-chloroform/MinElute 
method yields 27.5-fold more DNA and a 13.1-fold higher proportion of human DNA than the salting 





Supplementary Figure S12 | Genetic affinity (f3 and D) of high altitude East Asian and lowland 
Tibeto-Burman populations to other East Asian populations. (a) Genetic affinity is measured by f3 
(HGDP Yoruba; high altitude East Asian, X). In general, high altitude East Asian populations show high 
genetic affinity with each other and with the ancient ACA samples. The reduced genetic affinity with S41 
may be due to a small proportion of west Eurasian ancestry in this individual, as evidenced by the 
NGSAdmix results in Figure 3. (b) Genetic affinity is measured by D(HGDP Yoruba, high altitude East 
Asian; Tibeto-Burman, ACA). In general, high altitude East Asian populations show greater genetic affinity 
with ancient ACA individuals than with Tibeto-Burman speakers, but this difference is not consistent or 
significant with respect to C1 and S41. (c) Genetic affinity is measured by D(HGDP Yoruba, Tibeto-
Burman; high altitude East Asian, ACA). Tibeto-Burman speakers show small negative D values with 
Tibetans from near Lhasa and Sherpa, suggesting their greater genetic affinity to them than to ACA 
samples. However, all values are close to zero, especially those with Sherpa. Small positive D values with 
Nepali Tibetans may be due to a low proportion of South Asian ancestry in these Nepali Tibetan samples. 
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